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ABSTRACT  An intensive mariculture system for the growth of sea bream has been developed which
uses seaweed Ulva lactuca to remove dissolved nutrients (N and P) from the circulating water. This
allows water to be safely recycled to the fish and results in a comparatively ‘non-polluting’ final efflu-
ent. As with other mariculture systems, only ~25% of the food-N was used for fish growth. The domi-
nant processes affecting N within the system were excretion by fish of ammonia-N (30 %]}, dissolved
organic nitrogen (DON} (30 %) and faeces-N (10 %), rapid transformation of DON to ammonia-N (16 %)
in the fish tank and uptake of ammonia-N (17 to 39%) by the seaweed (all percentages expressed rel-
ative to food input). Nitrification (10%,) competed with the seaweed for the available ammonia-N.
There was only minimal uptake of nitrate by the seaweed. Anoxic conditions developed in the sedi-
mentation tank. Denitrification (5 %) and bacterial ammonification, including sulphate reduction, were
observed. The system showed only minor seasonality, probably because the major processes (food
input and U. lactuca uptake) had only a slight dependence on temperature. Our quantitative under-
standing of the processes affecting N within the system was confirmed by a parallel study in which a
computer simulation model was developed which was able to predict well the observed changes in
ammonia-N, total oxidised N and U. lactuca growth. There was an excess of phosphorus in the food
supplied. It was removed by the seaweed (9 to 21 %) but to a lesser degree than ammonia-N. The resid-
ual organic matter in the sedimentation tank was enriched in P, probably because of the presence in the
food of bone meal which is resistant to bacterial decay. The final effluent discharged contained 20 to
27 % of the N supplied (and 39 to 47 % of the P) which 1s less than half the N discharged from conven-
tional mariculture technology.
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INTRODUCTION

The development of sustainable integrated agricul-
tural technologies is important if we are to feed an
ever-growing population with minimum damage to the
environment. Mariculture is one of the last major
untapped food resources. Recently there has been con-
siderable growth in this agricultural sector in western
Europe and North America, mainly the culture of
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salmon in sea cages. Fish grown in mariculture sys-
tems retain only 20 to 30 % of the food supplied as body
flesh (Porter et al. 1987, Hall et al. 1992). The remain-
ing 70 to 80 % is excreted as either dissolved or partic-
ulate nutrients. These waste products have the poten-
tial to cause a variety of pollution problems, including
reduction in oxygen content and ultimately anoxia,
changes in ecosystem structure, damage to fragile
ecosystems such as coral reefs (Banner 1974, Tomascik
& Sander 1985, Bell et al. 1989) and increased fre-
quency of toxic dinoflagellate blooms (Watanabe
1991). Mariculture systems operating in this way are
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also wasteful of energy, since the excreted nutrients
are high-quality and high-energy food (such as
reduced N) usable for other commercially valuable
marine organisms. These problems have long been
recognized by freshwater aquaculturists and a variety
of integrated systems have been developed such as
carp-mulberry bush (silkworm) culture in China, carp-
rice-pig culture in the Far East (Pillay & Dill 1979, Woy-
narovich 1979, de la Cruz et al. 1992) and integrated
fish culture and vegetable growth (Rakocy & Harg-
reaves 1993).

Over the past decade, scientists at the National Cen-
ter for Mariculture in Eilat, Israel, have set out to
develop integrated mariculture systems which exploit
the natural advantages of the local climate (sunshine
and heat; Gordin et al. 1981). Previous attempts have
used phytoplankton to remove excess nutrients from
the fishpond water and oysters as biofilters to provide
an extra commercial crop (Gordin et al. 1981, 1990,
Krom & Neori 1989). However, in such systems the
phytoplankton are subject to uncontrollable blooms
and crashes caused by microflagellate grazing (Krom
et al. 1989). These fluctuations cause large changes in
water quality conditions, particularly in ammonia and
dissolved oxygen, which can result in fish mortalities
(Krom et al. 1985). Such systems also export most of the
nutrients from the fishpond as a mixture of dissolved
and particulate nutrients, the proportions depending
on the phytoplankton bloom and crash status at the
time (Krom & Neori 1989, Neori & Krom 1991). Under
such conditions, the effluent waters from the ponds
are unreliable as a food source for the second crop,
bivalves, and in turn bivalves are not dependable as
biofilters to clean the pollution from the system
(Shpigel et al. 1993).

The use of seaweed as a biofilter was first suggested
by Ryther et al. (1975). According to them, a biofilter
system based on seaweed would have the potential to
produce stable water quality conditions for the fish and
a final effluent low in nutrient waste products. The sys-
tem reported here represents a pilot study of such a
sustainable mariculture system which cultures gilt-
head sea bream Sparus aurata in a pond coupled with
tanks of seaweed Ulva lactuca. Growing fish in inten-
sive culture loads the pond water with high fluxes of
nitrogen and phosphorus. These sustain a variety of
microbial and bioclogical processes, characteristic of
hypertrophic systems, which interact with one another
and compete for the available nutrients (Barica & Mur
1979). In this study we set out to determine which
processes were occurring within this pilot-scale sys-
tem, what was their relative magnitude throughout an
annual cycle and how the different processes compete
for available nutrients. These questions were ad-
dressed by means of a series of total nutrient budgets

designed to identify and quantify the significant
processes within the system and how they change with
time. Specific experiments were carried out to locate
these processes within the system and to estimate their
rates.

In a parallel study, a computer simulation model of
the system was developed. It represented a quantita-
tive hypothesis about the processes controlling N in
the system based on this study and how they interact
(S. Ellner et al. unpubl.). The model was tested using
2 sets of independent data. The quality of the fit of the
measured data to the model's predictions provided an
estimate of how well we understand the principal
processes within the system.

METHODS

Description of system. The fish-seaweed biofilter
system consisted of 4 fiberglass tanks (2.5 m® 3.3 m?
each), 1 for fish, containing 1790 | of seawater, and the
other 3 for seaweed, containing 2130 | each (Fig. 1).
Water was circulated by an electric pump from the
fishtank via a small (400 1) sedimentation tank, to the
3 seaweed tanks (designated Ulva) arranged in paral-
lel. Water then returned to the fish tank by gravity.
Screens at the end of each Ulva tank kept the seaweed
from washing out. The whole system contained
approximately 8600 | of seawater which was circulated
internally at a rate of 800 to 10001 h~'. Each day, 20001
of fresh seawater was pumped into the system in
2 pulses of 1000 ] each at 08:30 and at 16:30 h. There
was a simultaneous outflow of 18001 (input less evapo-
ration and sampling; Neori et al. 1994) which flowed
out via a 600 1 seaweed polishing tank to the sea. A
small volume (up to 10 1) of water containing sludge
was drained daily from the sedimentation tank.
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Fig. 1 Schematic diagram of the fishpond-seaweed biofilter
system, showing sampling locations. Arrows indicate the
direction of water flow
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Table 1. Principal analytical methods used in this study together with their performance characteristics

Coefficient of
variation (1s)

Determined

Total ammonia-N 2.0%
Total oxidised nitrogen 0.3%
Nitrite 21%
Phosphate 0.9%

Total dissolved nitrogen 8% at 60 uM

5% at 120 pM

Total dissolved phosphorus 13 % at 30 pM
7 % at 60 pM

Particulate and solid N 7.6%

Particulate and solid P 3.8%

Method used

Krom et al. (1989)
Krom et al. (1989)
Krom et al. (1989}
Krom et al. (1989)

Persulphate oxidation followed by autoanalyser method for
TOxN (Neori et al. unpubl.)

Persulphate oxidation followed by autoanalyser method for
phosphate (Neori et al. unpubl.)
Carlo-Erba CHN analyzer

Roasting at 450°C followed by extraction into 1 M HCI (Krom
et al. 1989)

In May 1991, the fish tank was stocked with approx-
imately 23 kg of young Sparus aurata. The fish were
initially fed daily (08:30 h) 600 g of the pelleted diet
described in Krom & Neori {1989). Fish numbers (and
biomass) and feeding rate were adjusted periodically
so that a food ration of 600 g could be maintained
throughout the study period. The fish had to be
replaced several times during the running period,
either because of excessive size or because of fish dis-
ease. The fish tank was shaded to limit photosynthetic
activity and was aerated and agitated via holes in the
tank base. The Ulva and polishing tanks were stocked
with Ulva lactuca at initial stocking densities of 1 and
3 kg per tank, respectively (the optimum based on
Neori et al. 1991). The seaweed was harvested weekly
and immediately restocked at the original density. The
experimental system was run in this mode from April
1991 until October 1993. The routine practice and per-
formance of the system is presented elsewhere (Neori
et al. 1994).

Sampling and analysis. A series of 6 intensive 24 h
sampling periods for total nutrient budgets were car-
ried out between October 1991 and May 1992. Each
sampling began at 08:30 h and was repeated every 3 or
4 h until the following morning. Water samples were
taken from the fish tank (FT), the sedimentation tank
(SD), each of the 3 seaweed tanks (UT1, UT2 and UT3)
and the polishing tank (D) (see Fig. 1 for sampling
locations). The fresh seawater inflow (IF) was sampled
once per sampling period in the morning. Each water
sample consisted of 1 1 for dissolved and particulate
matter measurement. In addition the sump of the sedi-
mentation tank was drained for several seconds and
the entire water sample (with its sediment) collected.

The samples for dissolved nutrient determination
were filtered through acid-washed GF/F filters within
1 h of sampling. The filtrate was divided into several

subsamples. One was immediately analyzed or stored
in a dark refrigerator at 4°C, typically for 1 d (after a
maximum of 3 d all these analyses were completed).
Analyses were made by the automated methods
summarized in Table 1. The second subsample was
immediately placed in a freezer (-15 to -20°C).
Although preservation tests showed that frozen sam-
ples gave similar results to the unfrozen samples, all
the data used in this study were from unfrozen sam-
ples except for the very few occasions when data
were obviously inconsistent with adjacent data (in
time and/or space), in which case the results from the
frozen samples were used. Subsamples for total dis-
solved nitrogen and phosphorus were also refriger-
ated in the dark at 4°C. The method used combined
basic oxidation for N and acidic oxidation for P, in
1 sample bottle as described in detail in Neori et al.
(1994). All dissolved samples were analyzed in dupli-
cate. Samples for particulate C, N and P were filtered
on pre-ashed GF/F filters. The samples were then
placed in aluminum foil and frozen. Before analysis
the samples were vacuum dried in a Virtis Model 25
SRC vacuum dryer. These samples were also ana-
lyzed in duplicate. The analytical methods used to-
gether with the relevant performance characteristics
are given in Table 1.

In addition, during several of the sampling periods,
other aliquots were filtered for chlorophyll determina-
tion, preserved for bacterial cell counts (using DAPI
fluorescent staining; Porter & Feig 1980} and also used
for immediate live microscopic hemacytometer counts
of phytoplankton and protozoa. Chlorophyll was
extracted from the glass-fiber filters in 90% acetone
and analyzed by the spectrofluorometric method
described in Neveux et al. (1990), using a Perkin Elmer
LS 5b Spectrofluorometer connected to an IBM-
compatible computer.

27
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Table 2. Nitrogen outputs from the fishpond-seaweed system (data from 24 h samplings). Input flux for all samplings was

253molNd !
Date Fish Ulva Sediment Nutrient outflow from Ulva tanks
growth  yield to waste Ammonia Nitrate  Nitrite DON Particulate Denitrif. Deficit
nitrogen rate
Data in mol N d~'!
October A 0.63 0.68 0.04 0.02 0.03 0.29 0.08 0.19 0.15 0.43
October B 0.63 0.58 0.04 0.02 0.02 0.24 0.07 0.19 0.15 0.59
November 0.66 0.58 0.04 0.02 0.02 0.25 0.15 0.19 0.15 0.47
January 0.53 0.60 0.04 0.04 0.08 0.16 0.08 0.29 0.15 0.56
March 0.48 0.44 0.09 0.01 0.14 0.10 0.10 0.19 0.15 0.83
May 0.61 0.99 0.04 0.02 0.20 0.05 0.05 0.16 0.14 0.29
Data as percentage of input flux
October A 25.0 26.8 1.4 0.6 1.2 11.6 3.3 7.4 59 16.8
October B 25.0 23.1 1.4 0.8 0.9 9.5 2.6 7.4 59 23.4
November 26.0 229 1.4 0.9 0.9 10.0 5.9 7.4 5.9 18.8
January 21.0 23.8 1.5 14 3.3 6.4 3.2 11.5 59 22.0
March 19.0 17.2 3.5 0.4 5.7 3.8 4.1 7.4 5.9 32.9
May 24.0 38.5 1.4 0.6 8.1 1.6 i 6.4 5.4 11.3

The seaweed tanks including the polishing tank
were harvested weekly. The harvest was weighed and
the tanks were restocked with 3 kg of seaweed each.
The wet yield was the total amount measured minus
3 kg. In order to determine the dry vield of seaweed in
the system, a subsample of the harvested seaweed was
weighed, rinsed, dried in an oven at 70°C, and
reweighed. An aliquot of this dried subsample was
subsequently analyzed for C, N and P as described in
Table 1. The final polishing seaweed tank was also
harvested and sampled weekly in a similar manner.
The water which was drained from the sedimentation
tank with the sedimented material was oven dried

(70°C), and the quantity of the collected particulate
matter measured. A subsample of the dry material was
analyzed for C, N and P content.

To determine the total nutrient budget (Tables 2 & 3),
the total input was calculated from 600 g of food x mea-
sured N and P content of the food. The amount of N
and P taken up as fish growth was calculated from N
retention tables measured for Sparus aurata in Eilat
using the same food as that used in this study (I
Lupatch unpubl.). The daily Ulva yield was calculated
from the measured weekly yield assuming a constant
daily growth rate. Sludge, removed from the system,
was measured directly during each of the intensive

Table 3. Phosphorus outputs from the fishpond-seaweed system (data from 24 h samplings). Input flux for all samplings was

0.290 mol P 4!

Date Fish Ulva Sediment Nutrient outflow from Ulva tanks

growth yield to waste Phosphate DOP  Particulate  Deficit

phosphorus

Data inmol Pd~!
October A 0.075 0.033 0.015 0.091 0.014 0.018 0.045
October B 0.075 0.033 0.020 0.068 0.011 0.018 0.066
November 0.078 0.030 0.020 0.070 0.014 0.018 0.060
January 0.064 0.027 0.029 0.064 0.003 0.020 0.083
March 0.058 0.032 0.040 0.065 0.009 0.018 0.069
May 0.073 0.061 0.013 0.066 0.040 0.013 0.025
Data as percentage of input flux
October A 26.0 11.2 5.2 31.3 4.7 6.1 15.5
October B 26.0 11.2 6.9 234 3.7 6.1 22.8
November 27.0 10.5 6.9 241 4.8 6.1 20.7
January 22.0 9.4 10.0 21.9 1.1 6.8 28.8
March 20.0 10.9 13.8 22.5 3.0 6.1 23.8
May 25.0 21.1 4.5 22.7 13.7 4.3 8.7
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sampling periods. The nutrient outflow was calculated
from the average concentration of dissolved and
particulate nutrients measured in the Ulva tanks at
the times of water outflow x measured flow rate. The
denitrification rate was estimated from the observed
decrease in total oxidised N (TOxN) values (corrected
for our best estimate for nitrification rate) determined
during the no-flow experiment (see below in section on
sedimentation tank). The deficit was the input minus
the sum of the outflows from the system.

In May 1993 an experiment was run in which the
flow of water in the system was entirely stopped for
5.25h (14:00 to 19:15 h). Water was sampled in the fish
tank, sedimentation tank and Ulva tanks initially and
then every hour from 15:15 until 19:15 h. The samples
were processed in the same way as described above
for the 24 h sampling periods.

Operating conditions of the system. Water quality
was monitored throughout the sampling period on a
regular basis (Neori et al. 1994). In brief, the weekly
average temperature in the system ranged from 23°C
in summer to 14°C during winter, with diurnal varia-
tion of up to 10°C. Light levels over the year ranged
from 120 to 190 Einsteins m~2 d~'. The salinity in the
system increased from 40.3 ppt (the inlet seawater) to
44 .6 ppt in the final polishing tank. Dissolved oxygen
levels in the fishtank ranged from 4 to 9 mg 17}, with
diurnal fluctuations of 1 to 2 mg 1!, In the Ulva tanks
the dissolved oxygen levels ranged from 7 to 12 mg 17",
with diurnal ranges of up to 4 mg 1°'. Particulate
chlorophyll a (chl a) levels (excluding that in seaweed
fronds) ranged from 1 to 4 pg1-'.

RESULTS

The input of nutrients in food was constant
throughout the sampling period at 2.53 mol N d!
and 0.290 mol P d-! (Tables 2 & 3). The N uptake
by fish ranged from 19 to 26% of the input with
a slightly higher uptake in the warmer months
(May-November) than in winter (January—March).
Specific growth measurements were made only occa-
sionally during this sampling period so as not to dis-
turb the fish unduly. Using the measured elemental
composition of the fish (Lupatch unpubl.), the 2 data
sets were consistent with one another. Ulva yield was
0.44 to 0.99 mol N d-? which represented 17 to 39%
of the N input. The amount of P retained by the Ulva
(0.027 to 0.061 mol P d™') was 9 to 21% of the total
input, less as a percentage of total input than N. The
removal of N to waste in the sedimentation tank was
1.4 to 3.5% of the total input. The relative fraction of
P sedimented out in this tank was greater, at 4.5 to
13.8%.

The main water quality parameter that this system
was designed to control was ammonia-N in the fish-
pond. The levels of ammonia-N within the system were
maintained below 120 uM in the fish tank and below
30 uM in the Ulva tank (Fig. 2). The peak of ammonia-
N in the Ulva tank was at the end of the night while the
peak of ammonia-N in the fish tank was at 15:00 h, 8 h
after feeding. Neori et al. (1994) showed that this pat-
tern of tight control of ammonia-N was typical of val-
ues obtained throughout the year. The amount of dis-
solved ammonia-N exported from the Ulva tank was
low, <0.04 molNd~!or<1.4% of the input N flux to the
fish tank. The export of dissolved organic nitrogen
(DON) was 0.05 to 0.15 mol d~! (1.9 to 5.9%). There
was a steady flux of ~0.25 mol TOxN d~! (~10%)
exported from the system (Table 2). However the rela-
tive proportion of nitrate to nitrite increased systemati-
cally throughout the sampling period (Fig. 3). The
export of particulate organic N (PON) was steady all
year at 0.2 + 0.04 mol N d~!. The chl a content for this
particulate matter was 1 to 4 ug 17!, If one assumes a
mass ratio for N/chl g of 4.4, similar to that determined
previously for phytoplankton in fish ponds in Eilat
(Krom & Neori 1989), then it is estimated that only 0.57
to 2.2 mmol N d~! was exported as phytoplankton and
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microscopic seaweed fragments. A further quantity of
<3 mmol N d™' of the particulate matter was identified
as bacterial cells. The microscopically determined bio-
masses of heterotrophic eucaryotic organisms, such as
protozoa, never exceeded 1 mmol N d~'. This export of
identifiable microbes represented only a minute quan-
tity of the total biomass exported from the system, com-
pared to the seaweed yield of about 0.6 mol Nd~1.

While it was suspected that denitrification might be a
significant process within the system it was not possi-
ble to quantify it using the data from the total N bud-
get. It was however found that during the no-flow
experiment, denitrification in the sedimentation tank
was a significant process in the system. We used the
rate determined from the no-flow experiment (0.15 mol
N d-}; see below) for all the sampling periods.

The principal export of P from the system was as
phosphate (22 to 31%) with smaller amounts of dis-
solved organic phosphorus (DOP) (1 to 13.7%) and
particulate organic P (4.3 to 6.8%). The amount of
phosphate exported, expressed as a percentage of
input, was 39 to 47 %, which was greater than that for
ammonia-N.

Having completed our best estimate of the total N
and P budgets, we found a consistent deficit of approx-
imately 20% (Tables 2 & 3). One possible reason for
this deficit might be that the nutrient content of the
food was only measured on 1 sample which may not
have been adequately representative of the entire food
supplied. The only process which might contribute
substantially to the N deficit and which we did not
include in the budget was coupled nitrification-denitri-
fication. However, given the large number of data,
each with their own sampling and analytical errors, we
consider this to be an acceptable deficit.

Nutrient budgets for individual chemical species
were calculated for each tank every 3 h during the 24 h

sampling period. The change in flux represented the
net biogeochemical process occurring in that tank. We
found that the rate of water recirculation was so rapid
that the precision of the data as not sufficient to allow
quantitative estimates of processes in each tank to be
made, except for the production of ammonia-N by fish
excretion in the fish tank and uptake of ammonia-N by
Ulva lactuca. To solve this problem an experiment was
conducted in May 1993 in which the flow of water in
the system was entirely stopped for a few hours. There
was a linear change in nutrient content over the first
3.25 h of the experiment in the fish tank and over the
first 4 to 5 h in the sedimentation and Ulva tanks
(Figs. 4 to 6). The net rate of change of dissolved nutri-
ent was obtained from a regression calculated for the
linear portion of the experiment. The ammonia-N
change in the fish tank (14:00 to 17:15 h) was 45 mmol
h~! (Fig. 4). Porter et al. (1987) showed that the excre-
tion rate of ammonia-N by Sparus aurata is strongly
dependent on the time since the fish were fed. The fish
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in this experiment were fed at 08:30 h and after we
applied a correction based on Porter et al.'s data the
calculated ammonia-N accumulation was 1.87 mol
N d-!, or 74% of the N input. During the same time
pericd only 15 mmol N h™! were accumulated as DON
in the fish tank. Porter et al. (1987) did not determine a
time-dependent relationship of DON excretion from
the fish and so a correction of the type made for ammo-
nia-N was not possible. The accumulation rate of DON
in the fish tank was thus estimated to be 0.36 mmol
N d-'. This would become 0.56 mol N d~! if the same
correction was applied as for ammonia-N excretion.
There was an increase in nitrate and nitrite (TOxN}) in
the fish tank of 6.4 mmol N h~!. No evidence existed
for any anaerobic pockets within this tank even under
no-flow conditions, and thus this change corresponds
to a nitrification rate of 0.17 mol N d~".

Ammonia-N accumulated in the sedimentation
tank at a rate of 8.6 mmol N h™' during the first 4 h

of the no-flow experiment, equivalent to 0.21 mol N
d-! (Fig. 5) When the sedimentation tank was
drained there was a strong smell of hydrogen sul-
phide in the ‘drainage’. The accumulation of phos-
phate within this tank was closely correlated with
ammonia-N (Fig. 5). The observed rate of 0.92 mmol
P h™' was equivalent to a daily rate of 0.022 mol P
d-! TOxN in the sedimentation tank decreased lin-
early over the first 4.25 h of this experiment at a rate
of ~4.8 mmol N h~! which is equivalent to a rate of
0.12 mol N d~!. The only process which could be re-
sponsible for such a decrease is denitrification. This
is likely to be an important process in this tank since
there is a high concentration of nitrate within the
tank (~90 pM initially, decreasing to <30 pM after
4.25 h) and there were anaerobic pockets containing
labile organic matter in the tank. The observed deni-
trification rate in the sedimentation tank is probably
a net rate for nitrification + denitrification. We expect
that nitrification was also occurring in the sediment
tank because its upper portion was kept constantly
aerobic by the inflow of aerated water from the fish-
tank, and we know that nitrification was occurring in
all other aerobic parts of the system where ammonia-
N was present. If we assume that the nitrification
rate is proportional to the surface area of the tank
wall in contact with water, then based on the rates in
the fish and seaweed tanks we estimate a nitrifica-
tion rate of 0.03 mol N d~! Thus we estimated that
the denitrification rate in the sedimentation tank was
0.15 mol N d~'. This value was used in the budget
calculations and in the computer simulation model
(Ellner et al. unpubl.).

The accumulation of TOxN in each of the 3 Ulva
tanks (Fig. 6) was 2.8 mmol N tank ' h~! (0.2 mol N d"!
for the 3 tanks together). The ammonia-N concentra-
tion within the tanks ranged from 1 to 73 pM. At these
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ammonia-N levels and for the time period considered,
the uptake of TOxN by Ulva lactuca was insignificant
(Neori et al. unpubl. data). We can thus consider this
rate of TOxN accumulation to be the nitrification rate
in those tanks.

DISCUSSION
Fish tank

As in most intensive aquaculture systems, the major
source of nutrients was from the fish food after it was
excreted by the fish. The input of nutrients with the
water inflow was negligible. Between 74 and 81% of
the food-N was excreted as ammonia-N, DON or as
faeces with the remainder retained by the fish for
grewth. Similar values for the percentage of fish food
retained for growth by Sparus aurata were obtained in
laboratory experiments (Porter et al. 1987) and in mea-
surements on fish held in ponds and sea cages (Porter
et al 1986, Krom & Neori 1989). These values are sim-
ilar for the retention of N by other species of fish used
in mariculture such as salmon trout and sea bass
(Steffens 1981, Alexis et al. 1986, Hidalgo & Alliot
1988). Thus it is an intrinsic characteristic of maricul-
ture that even when operated at maximum efficiency
for growth of fish, large quantities of nutrients are
exported from the fish holding tank or cage.

Porter et al. (1987) estimated that ~10% of the N
supplied to Sparus aurata in the food was excreted as
faeces with approximately equal amounts of the re-
maining 60% being excreted as ammonia-N (30 %)
and as DON (30%). In the no-flow experiment, most
of the dissolved N produced in the fish tank was as
ammonia-N (74 % of the N supplied). This included
the fraction accumulated as ammonia-N (67 %) and
the increase in TOxN due to nitrification (7%). By
contrast only 14% of the nitrogen was exported as
DON. Similarly during all the 24 h experiments the
flux of DON from the fish tank was ~26 % of the total
dissolved N flux compared to the 50% predicted by
Porter et al. (1987). It is concluded that bacterial am-
monification was occurring in the fish tank which
rapidly converted DON to ammonia-N. A similar
rapid conversion of DON to ammonia-N was observed
by Krom & Neori (1989) in experiments on full scale
{100 m®) intensive fishponds. This can be of consider-
able practical importance since ammonification can
convert DON, which is often unutilizable by algae
(Flynn & Butler 1986), to ammonia-N, the favored N
source of many seaweeds. Details of these rapid trans-
formations involving DON are not well studied in
hypertrophic systems but as these data show they
may be very important.

Sediment tank

The sedimentation tank was included in the system
to trap particulate matter, particularly fish faeces,
while maintaining a flow of oxygenated nutrient-rich
water between the fish tank and Ulva tank. It was pre-
dicted from the results of Porter et al. (1987) and Krom
& Neori (1989) that 10% of the N budget should be
found as faeces. In fact only about 3% was found as
sedimented material in this tank. The sediment was
drained from the tank once per day which meant that
particulate organic matter (POM) accumulated for an
average of 12 h and a maximum of 24 h. In the no-flow
experiment, 0.2 mol ammonia-N d~! was produced
within the sedimentation tank (Fig. 5). If it is assumed
that all the ammonia-N produced in the sedimentation
tank is the result of bacterial ammonification of POM
(there was no significant change in DON), then the
total amount of POM in the tank (measured as drained
POM plus respired) was 0.24 mol N d~! which is close
to the amount of faeces predicted by Porter et al. (1987}
as being produced by the fish.

Although the input and outflow of the sedimentation
tank remained permanently oxic (Neori et al. 1994),
parts of the sedimentation tank became anoxic, as evi-
denced by a strong smell of hydrogen sulphide in the
drained material. During the no-flow experiment (May
1993), there was a decrease in TOxN equivalent to
0.12 mol N d-!, which (when corrected for our best
estimate for nitrification in the upper layers of this
tank) corresponded to a denitrification rate of 0.15 mol
N d~'. This rate was equivalent to a loss of nitrogen
(N,) from the system equivalent to 5% of the total
N supplied (Table 2, Fig. 5). This is probably a mini-
mum value for the entire system. If there had been any
other pockets of anoxia, such as in the connecting
pipes or in the bottom of the Ulva tanks, we would
expect denitrification to have occurred there as well.
Sulphate reduction and possibly methane production
also occurred within the sedimented organic matter in
the bottom of this tank.

During the no-flow experiment 0.022 mol P d~! were
produced in the sedimentation tank. This corresponds
to an N/P ratio of ~9 for the organic matter which had
decomposed. The measured N/P ratio of the organic
matter which was drained from the sedimentation tank
was only 4 to 5 (Tables 2 & 3). It was estimated that
only ~30% of the organic matter which sediments in
this tank was actually drained from the system. The
remainder was decomposed. This suggests that the
residual organic matter is richer in phosphorus than
the organic matter which has been oxidized. This is the
opposite of the situation typically found in natural sys-
tems where P is the more labile element (e.g. Krom &
Berner 1981). The food which was fed to the fish con-
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tained a significant amount of fish meal which contains
bone material (G. Kissil & I. Lupatch pers. comm.).
Bone meal contains apatite which is not only indi-
gestible to the fish but also resistant to bacterial
decomposition. It is unknown at present whether this
apatite and other resistant phosphorus phases are ulti-
mately available to be recycled into the environment
via microbial decay (Cowey & Cho 1991).

Ulva tank

The principal process which removed nutrients from
the water column was uptake by seaweed. Most of the
ammonia-N supplied to the Ulva tank was removed,
often down to levels of less than 10 pM. Cohen & Neori
(1991) have shown that with N fluxes of up to 6 g N m~2
d~!, the rate of ammonia-N uptake by the seaweed and
its N content are dependent on the flux. The fluxes in
the present system ranged from 0.3 t0 3.5gNm2d"",
Consequently, the biofilters had an important buffer-
ing capacity for ammonia-N levels in the system, with
higher fluxes resulting in higher uptake rates. The sea-
weeds also removed significant amounts of phosphate
from the water, though there was always excess phos-
phate present. In our system, Ulva lactuca strongly
preferred ammonia-N over oxidized N (see also
DeBusk et al. 1986). Nitrite and nitrate were taken up
by the seaweed when ammonia-N concentrations were
below 1 to 2 pM, which happened only in the polishing
tank receiving the system's outflow (Neori et al. 1994).
The preference to ammonia uptake by seaweeds even
in the presence of high oxidised N concentrations is a
well-known phenomenon (e.g. Wallentinus 1984).
Only under very special conditions of nutrient concen-
trations and light do specimens of Ulva rigida, col-
lected from the sea, show nitrate uptake in the pres-
ence of ammonia-N (Corzo & Niell 1992) The seaweed

Table 4. Comparison of the measured ammonia-N uptake in the Ulva tanks
during the 24 h sampling periods {corrected for nitrification rate} with the mea-
sured Ulva lactuca harvest and the calculated uptake rate estimated in the com-
puter simulation model (Ellner et al. unpubl.). All values in units of mol N

N content, which was up to 6% of dry weight for the
ammonia-N-grown seaweed in the Ulva tank, was only
up to 4% for the oxidized-N-grown plants in the pol-
ishing tank. This is in agreement with our earlier find-
ings on the dependance of U. lactuca N content on
ammonia flux (Cohen & Neori 1991).

Table 4 compares the calculated uptake of ammonia-
N in the Ulva tanks for each of the 24 h sampling peri-
ods (corrected for an average nitrification rate of
0.15 mol N d~'y with the measured Ulva lactuca har-
vest. There was a close comparability confirming that
the major process removing ammonia-N from the
water column was uptake by U. lactuca. The computer
simulation model estimates the uptake of ammonia-N
by U. lactuca using an equation based on Cohen &
Neori (1991) and Neori et al. (1991). The predicted
uptakes rates in the model are also similar to these val-
ues (Ellner et al. unpubl.) confirming that our quantita-
tive understanding of this component of the system is
valid.

Nitrification

Total oxidized nitrogen (nitrite + nitrate} accumu-
lated in the system due to bacterial nitrification. The
conditions necessary for this process to occur, oxy-
gen-rich water with a significant quantity of ammo-
nia-N, were present throughout the system except for
the bottom of the sedimentation tank where oxygen
was absent. From the 24 h budgets it was calculated
that the total amount of nitrification within the system
was relatively constant throughout the year at about
10% of the total N input (Fig. 3). At the beginning of
the year most of the oxidized nitrogen was nitrite
while as the year progressed the proportion of nitrite
decreased relative to nitrate. The system was moni-
tored for a further year (1993-4) and it was found
that nitrate continued to be the princi-
pal oxidized nitrogen species ex-
ported (Neori et al. 1994). Thus the
change from nitrite to nitrate was not
related to temperature or to season.
Various factors might have caused the

system~!d!
Sampling Measured ammonia-N  Measured
period uptake in Ulva tanks harvest of
(corrected for the Ulva lactuca
effects of nitrification)

October (1991) A 0.77 0.68
October (1991) B 0.78 0.58
November 0.65 0.58
January 0.72 0.6
March 0.77 0.44
May 1.00 0.99

Calculated uptake
of ammonia-N as
estimated in the
computer model

— with initial conversion of ammonia-N

observed nitrite accumulation in the
system. Nitrite accumulation has been
observed as a succession that occurs
as the nitrification system develops

0.87 to nitrite and, after a certain lag pe-
0.87 riod, conversion of nitrite to nitrate.
0.82 . . .

0.82 This sequence is common in hyper-
0.90 trophic systems (Sharma & Ahlert
0.96 1977). The lag period varies from a

few days in freshwater systems (Shilo



34 Mar. Ecol. Prog. Ser. 118: 25-36, 1995

& Rimon 1982) to a few weeks in marine systems
(Manthe et al. 1984). However, in our system nitrite
accumulated for several months. It is unlikely that
this was caused by a simple succession of ammonia-N
and nitrite oxidising bacteria. Low oxygen concentra-
tions have been shown to cause nitrite accumulation
by both nitrifiers (Helder & de Vries 1983, van Rijn &
Rivera 1990) and denitrifiers (Tiedje 1988). Zones of
low oxygen were present in the system (sedimenta-
tion tank, bottom of fish and Ulva tanks). Laboratory
incubation of samples from these zones resulted in ni-
trite accumulation (O. Dvir et al. unpubl.). The ques-
tion as to the unusually slow disappearance of nitrite
with the proceeding of the growth season remains
open and deserves future attention.

Data from the no-flow experiment (Figs. 4 & 6) esti-
mated the net nitrification rate to be 0.15 mol N d~! in
the fish tank and .05 mol N d~' in each of the 3 Ulva
tanks. Preliminary observations (Dvir et al. unpubl.)
suggested that nitrification occurred primarily on the
walls of the Ulva tank, although some also occurred on
suspended particles in the water and on the seaweed's
surface. From the relationship between the total rates
for seaweed growth and TOxN accumulation, it is clear
that the nitrifiers could not outcompete the seaweed
for the use of ammonia-N, probably because lack of
colonization surface area. The area of the wet solid sur-
faces available for colonization by nitrifiers is likely to
be an important practical determinant in the competi-
tion for ammonia-N between the seaweed and the bac-
teria.

Computer model results

In a parallel study to this, we developed a computer
simulation model which was designed to represent a
quantitative hypothesis about the processes control-
ling N cycling in this system, specified which processes
were dominant, the rates of those processes, and the
factors controlling those processes (Ellner et al
unpubl.). The model was developed using the data and
understandings presented in this paper. The model
was then tested against 2 independant data sets, onein
which the flow rate was decreased from 200001d"" to
8450 1 d~! and the second in which the feeding rate
was halved for 3 d. The match between the simulation
model and these independent experimental results
was extremely good for a process-based ecological
model. These latter tests involved independent data
that were not used in developing the model or estimat-
ing its parameters. The model was also able to describe
the annual and diel cycles in the experimental system
under normal operating conditions. Consequently,
these results are a strong indication that we have iden-
tified the key processes determining the inorganic N

balance in the system, and the factors that control
those processes.

Seasonality of the system

The system had comparatively little seasonal vari-
ability in the principal outputs which were monitored
in this study (Tables 2 & 3). This observation is a priori
somewhat surprising since the temperature variation
between winter and summer is greater than 10°C. It is
known that several of the processes which occur in the
system have Qo values greater than 2 to 3, such as sul-
phate reduction and denitrification (Knowles 1982,
Westrich & Berner 1988). The primary controlling fac-
tors in this system were the fish excretion rate and the
Ulva lactuca uptake rate. Fish excretion is primarily
controlled by the amount of food supplied and only to
a much smaller degree by the temperature of the water
(I. Lupatch unpubl.). Likewise the U. lactuca uptake
was controlled primarily by the flux of ammonia-N
through the Ulva tanks {(Cohen & Neori 1991) except
on very cloudy winter days which are unusual in Eilat.
Duke et al. (1989) also observed that N uptake in Ulva
curvata depends on N supply rate rather than on tem-
perature. Nitrification rate, the next most important
process, is controlled principally by the amount of
active surface area available for bacterial colonization
and to a lesser extent by the concentration of ammo-
nia-N flowing over that surface. Denitrification and
sulphate reduction seem to be controlled principally by
the amount of labile organic matter present in anoxic
sites within the system. This, in turn, is controlled by
the fish food input which was constant during this
study. Sensitivity analysis of the simulation model indi-
cates that changes in the rates of these processes (nitri-
fication, denitrification, sulphate reduction) caused by
temperature variations would induce far smaller per-
centage changes in water quality in the system (50 to
90 % smaller for TOxN, 80 to 99 % smaller for ammo-
nia-N; Ellner et al. unpubl.). The resulting prediction,
that TOxN levels should show greater seasonal varia-
tion than ammonia-N, is borne out by the experimental
results (Ellner et al. unpubl.).

Pollution output from the system

The fishpond-seaweed system was designed to con-
trol water quality in the fish tank and to reduce the pol-
lutant (nutrient) output into the environment. Because
the total amount of fish produced by various maricul-
ture system per kg of food fed is comparable, the per-
centages exported from various mariculture systems
can simply be compared (Fig. 7). Hall et al. (1992)
found that 72 % of the nutrients supplied to fish in sea
cages was lost to the environment, principally in dis-
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Seacage system (Hall et al. 1992)
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and exported as pollution from a sea cage system, a fishpond-

phytoplankton system (bloom and crash conditions), and the

fishpond-seaweed system with and without the polishing
step
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solved forms. These nutrients are in part simply diluted
and exported from the region of the cages or accumu-
lated as organic-rich deposits beneath the cages. The
impact of such systems on the environment is generally
only monitored by the extent of this organic-rich
deposit. Other effects such as changes in the local ecol-
ogy are more difficult to quantify and are often
ignored. The quantity of nutrients exported from the
fishpond-phytoplankton system is similar to that lost
from the sea cages (71 to 74 %). However because the
plankton can be used for bivalve culture there is a pos-
sibility of growing a second crop which will remove
part of the particulate matter and also provide an addi-
tional commercial return (Shpigel et al. 1993). The
problem is that the uncontrollable bloom and crash
cycle as well as the type of phytoplankton which grow
make it problematic to grow a bivalve crop. The fish-
pond-seaweed system only loses 20 to 27% of the

nitrogen input to the environment (31 % if the deficit in
N is not included). There was an additional crop of sea
lettuce Ulva lactuca which is of commercial value. Sea
lettuce is eaten directly as food, particularly in the Far
East. It also can be used to cultivate marine inverte-
brate macroalgivores such as abalone, which are
prized food in many parts of the world.

While the output stream contained less nutrients
than other comparable intensive mariculture systems,
it still contained more dissolved and particulate nutri-
ents, especially phosphate, than is considered desir-
able. In this pilot plant we used a small (600 1) tank
with Ulva lactuca as a polishing stage. While this did
result in a further reduction of the nutrient load (from
31 to 26 %) in the effluent, it was not very efficient. The
ammonia-N level in the stream to the polishing tank
was low with most of the N in the form of oxidised
nitrogen. Since U. lactuca does not incorporate nitrate
very efficiently (Wallentinus 1984, DeBusk et al. 1986),
neither nitrate nor phosphate were removed from the
outflow efficiently. Now that the characteristics of the
effluent stream are known more precisely, it would be
possible to design a polishing stage specifically to
reduce further the load of nitrate, particulate N and
phosphate to the levels necessary to avoid approach-
ing the accommodative capacity of the receiving envi-
ronment.
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